ABSTRACT This paper proposes a balanced coupler with improved phase balance and extended bandwidth for a wide range of tunable power-dividing ratios. This differential coupler uses only two varactors and can demonstrate tunable power-dividing ratio and quadrature phase difference between outputs with theoretically perfect differential-mode return loss and port isolation, and complete common-mode suppression. The coupler analysis, design equations/graph, and parametric study will be given in detail. As a proof-of-concept, a microstrip prototype operating at 1 GHz was fabricated. Measured results show that the power-dividing ratio can be tuned from -5.5 dB to 11.9 dB at the center frequency where the insertion loss is less than 0.84 dB, the phase imbalance and isolation between differential outputs are less than 3.9 • and greater than 23.2 dB, respectively. Moreover, the differential-mode return loss and the common-mode rejection are greater than 27.5 dB and 35.2 dB, respectively. Measured and simulated results are in good agreement.
I. INTRODUCTION
Balanced circuit architecture is known for featuring high immunity to various noise sources, such as those from adjacent circuitry, power supplies, and other external sources that are coupled electrically or electromagnetically and become notably influential in high-speed applications and/or highly-integrated products. As a result, the demands of stand-alone balanced/differential components have increased rapidly to improve communication performance and to reduce system size/loss due to the utilization of additional balun transformers between balanced and single-ended topologies. To this end, the designs of the balanced filters [1] - [6] , diplexer [7] , crossover [8] , power dividers [9] - [19] , and couplers [20] - [22] were extensively carried out. Particularly, the balanced power divider or coupler with arbitrary power-dividing ratios [12] , [22] , with filtering response [13] , [19] - [21] , or with scalable number of power outputs [17] was developed to enhance functional capabilities of the balanced circuit.
Over the past few years, to adapt to multi-standard communications, several balanced bandpass filters with frequency
The associate editor coordinating the review of this manuscript and approving it for publication was Wenjie Feng. agility were reported [23] - [27] , and the bandwidth control [25] or dual tunable passbands [27] was also attained therein. To enhance adaptability to dynamic communication environments, such as in smart antennas and software defined radios, the balanced power divider [28] or coupler [29] with tunable power-dividing ratio was recently reported. The power divider in [28] can achieve a wide tuning range at the center frequency. However, when low bias voltages are applied (corresponding to large varactor capacitances), the measured output phase imbalance ( S dd AB − S dd AC ) is up to 10 • and thus may be inappropriate for practical applications. Similarly, the balanced coupler [29] in the absence of the active capacitance circuit shows significant phase imbalance. Moreover, it has narrow bandwidth, thus necessitating further bandwidth improvement. It is noted that, despite the great interest in the development of tunable single-ended couplers [30] - [31] , a well-performed balanced coupler with a wide range of tunable power-dividing ratios is less reported thus far.
In this paper, a simple varactor-tuned balanced coupler structure is proposed. Specifically, the coupler's powerdividing ratio is tuned by a single control voltage across the shunt varactors and depending on the available capacitance tuning ratio, it can vary over a wide range. Furthermore, at all tuning states of the differential-mode operation, the proposed coupler can theoretically achieve perfect return loss and port isolation, and quadrature phase outputs. To derive governing equations, the mixed-mode S-parameters, the conversion techniques between the mixed-mode and standard S-parameters, as well as the even-odd mode analysis were used altogether. The closed-form formulas, design guidelines, and performance studies with respect to circuit parameters will be given in detail. For validation purposes, a microstrip prototype was developed with a measured tuning range from -5.5 dB to 11.9 dB, where the phase imbalance is less than 3.9 • and the various differential-mode bandwidths are considerably expanded as compared to the existing tunable designs [28] , [29] .
II. ANALYSIS AND DESIGN OF PROPOSED BALANCED COUPLER WITH TUNABLE POWER-DIVIDING RATIO

A. ANALYSIS OF PROPOSED BALANCED COUPLER
The configuration of proposed balanced coupler with tunable power-dividing ratio is shown in Fig. 1 . This coupler consists of eight transmission lines of characteristic impedance 0.5Z 0 and of electrical length θ 1 , four half-wavelength transmission lines of characteristic impedance Z 2 , lumped capacitors of capacitances C 1 (or 2C 1 ) and C 2 , and two identical varactors of capacitance C d , which will be controlled by a single voltage V d . Note that the termination impedance of each port is Z 0 and it is 50
here. The differential ports between ports 1 and 5, ports 2 and 6, ports 3 and 7, and ports 4 and 8 are defined as A, B, C, and D, respectively. Without loss of generality, if the differential port A is the input of the balanced coupler, ports B and C are outputs while port D is the isolated port. Thus, the power-dividing ratio k 2 is defined as follows:
It will be shown later that, by simply controlling the voltage across the shunt diodes, the power-dividing ratio of the coupler can be continuously tuned.
To realize ideal impedance matching and port isolation for differential-mode operation, no cross-mode conversion, and complete common-mode rejection, the mixed-mode scattering matrix (S mm ) of the coupler is of the form 
where the 4×4 sub-matrices S dd , S dc , S cd , and S cc are given as follows:
The matrix entries a, b, and c are given by
where ϕ 1 and ϕ 2 are the differential-mode transmission phase shifts, and ϕ 3 is the phase shift due to common-mode reflection. The standard scattering matrix (S std ) of this eight-port coupler can be obtained from the mixed-mode scattering matrix by [32] 
where, according to the port numbering shown in Fig. 1 , the transformation matrix M is given as 
Thus, the standard scattering matrix S std can be readily obtained with (2), (5) and (6):
Given the ideal scattering matrix in (7), the design equations of proposed balanced coupler can thereafter be derived. As shown in Fig. 1 , this coupler has twofold symmetry across the symmetric planes MM' and NN' and thus it can be analyzed by the even-odd mode analysis. By applying the open-or short-circuited boundary condition along each symmetric plane, the coupler can be decomposed into four quarter circuits, as shown in Fig. 2 . Thus, the standard S-parameters of the balanced coupler can be reconstructed as where ij and T ij (i, j = e or o) represent, respectively, the reflection and transmission coefficients of each two-port quarter circuit and they are correlated. Note that every quarter circuit is in the form of the network shown in Fig. 3 where two ports are separated by a half-wavelength transmission line and two shunt admittances of Y 1 and Y 2 are loaded on either side of the line. It can be verified that the S-parameters of such a two-port network satisfy
Thus, with (9), (8a) and (8b) lead to
From (8g) and (10), the following relations yield
In terms of the associated shunt admittances y in,ij1 and y in,ij2 , the reflection coefficient ij of each quarter circuit can be derived from Fig. 2
where y in,ij is the corresponding input admittance for each ij .
With (12), (11) can be expressed as follows:
where the shunt admittances are given as
and (14c) is shown at the top of the next page. From (13) and (14), it is noted that the characteristic impedance Z 2 of the half-wavelength transmission line is not involved and
thus it can be favorably chosen to enhance the coupler performance. Detailed examination of the effect of this characteristic impedance will be given in Section II-B. By substituting the admittances in (14) into (13) and after some mathematical manipulations, two sets of solutions for capacitances C 1 and C 2 can be solved as
Thus, the (fixed) capacitances C 1 and C 2 can be decided according to (15) and (16) for a given θ 1 and the operating (angular) frequency ω. Note that, to avoid the self-resonance effects of lumped capacitors, the capacitance values derived from (15) , which are on the order of several picofarads, are used for coupler design and the calculated results for θ 1 ≤90 • are illustrated in Fig. 4 . The operating frequency is 1 GHz and for the purpose of size reduction, the electrical length θ 1 is limited within a quarter wavelength. Note that the gray area represent the unusable region where C 2 < 0 and thus the applicable electrical length is 22.5 • ≤ θ 1 ≤90 • . Similar to the case for Z 2 , proper determination of the value θ 1 through a parametric study will be discussed in Section II-B. From the above analysis, it is noted that the varactor capacitance C d will not affect the differential-mode operation or commonmode suppression at the center frequency. On the other hand, the capacitance C d is related to the power-dividing ratio k 2 .
The power-dividing ratio k 2 of the proposed balanced coupler is given as
where, with (11), (14a) and (14b), the ratio k 2 can be further simplified as follows:
Thus, the power-dividing ratio of this coupler can be simply controlled by the varactor capacitance C d , which facilitates the implementation of tunable power-dividing ratio. In other words, given a power-dividing ratio k 2 , the required C d can be decided. Besides, it is seen that, ideally, the differential outputs are quadrature in phase and the proposed balanced coupler is therefore a quadrature coupler. As long as the capacitance values in (15) are satisfied, the ideal differentialmode return loss, isolation, quadrature phase outputs, and common-mode suppression can be theoretically maintained when the balanced coupler is tuned by the tuning capacitance C d to realize a continuously varied power-dividing ratio.
B. DISCUSSIONS, PARAMETRIC STUDIES, AND DESIGN EXAMPLES
The design equation (18) shows that the varactor capacitance C d decreases as the power ratio k 2 increases. The proposed coupler structure can enable a wide range of power-dividing ratios, including negative (|S dd BA | > |S dd CA |), zero (equal division), and positive (|S dd BA | < |S dd CA |) values in dB. Moreover, as C d approaches 0, nearly all the input power is distributed to the differential port C, leading to the crossover response. On the other hand, the capacitances C 1 and C 2 are functions of θ 1 and are determined as soon as θ 1 is given. As aforementioned, by a proper choice of θ 1 and Z 2 , the design can yield improved performance. Fig. 5 shows the simulated results of the coupler's fractional bandwidths against Z 2 when θ 1 is 27 • , 40.5 • , 54 • , 67.5 • , or 81 • . The simulation was performed in the Advanced Design System (ADS) and, for comparison purposes only, the coupler was developed with ideal/lossless transmission lines and lumped elements. The calculated bandwidth, defined in terms of the differentialmode return loss, the output magnitude imbalance (< 0.5 dB), or the output phase imbalance (< 5 • ), is shown in Fig. 5 (a) hybrid coupler (equal power-split), the determination of θ 1 and Z 2 essentially depends on the case examination of 0 dB. To improve the bandwidths at any particular power ratio, the bandwidth study for that power ratio can be conducted to find proper values. It is seen that the parameter θ 1 has substantial effects on the attainable fractional bandwidths. Specifically, the case of θ 1 = 67.5 • exhibits superior bandwidth performance and thus will be used for coupler development. On the other hand, low characteristic impedance Z 2 will contribute to a somewhat increased bandwidth. Note that, as the impedance Z 2 varies from 20 to 30 in the case of θ 1 =67.5 • or 81 • in Fig. 5 (b) , the insertion-loss curves (S dd BA , S dd CA ) follow each other closely with less than 0.5-dB difference at the low-frequency side and thus yields an increased bandwidth.
To validate the applicability of given design equations for the proposed structure, the balanced coupler was developed in ADS for the power-dividing ratios of -6 dB, -3 dB, 0 dB, 3 dB, 6 dB, and 10 dB. For demonstration purposes, the coupler was again designed with lossless transmission lines and lumped elements. In this design, the parameters θ 1 , Z 2 , C 1 , and C 2 are 67.5 • , 30 , 2.64 pF, and 5.27 pF, respectively. The simulated mixed-mode S-parameters are shown in Figs. 6 and 7. The required value C d for each power-dividing ratio is indicated in Fig. 6 (a) . In differential mode, the coupler achieves perfect return loss |S dd AA | and port isolation |S dd DA |, and maintains quadrature phase difference at the center frequency for all states. To improve clarity, Fig. 7 depicts only two cases where the full common-mode suppression and no differential-to common-mode conversion (or vice versa) are observed at the center frequency.
The design procedure of proposed balanced quadrature coupler is summarized as follows.
Step 1) Proper determination of the parameters θ 1 and Z 2 . The bandwidth studies shown in Fig. 5 can be referenced, and if necessary, similar studies at other power-dividing ratios can be conducted. Moreover, the length/size reduction and fabrication convenience are other practical factors for choice of θ 1 and Z 2 .
Step 2) Use (15) or Fig. 4 (for the center frequency at 1 GHz) to obtain the corresponding capacitances C 1 and C 2 for a given θ 1 decided in Step 1).
Step 3) Use (18) to compute the required varactor capacitance C d for each power-dividing ratio. The data sheet from the manufacturer of varactor diodes can then be used for initial determination of the required control voltage.
III. EXPERIMENTAL AND SIMULATED RESULTS
The proposed balanced quadrature coupler was developed at 1 GHz and fabricated on the RT/duroid 5880 substrate of thickness 0.508 mm and of dielectric constant 2.2. The photograph and physical layout are shown in Fig. 8 . To carry out the variable capacitance C d , the silicon varactor diode SMV1232 from Skyworks was used as the tuning element and controlled by a single voltage V d . Based on the design guidelines in Section II-B, the electrical length θ 1 of 67.5 • and the characteristic impedance Z 2 of 30 were chosen and the corresponding (fixed) capacitances C 1 and C 2 were readily determined by (15) . To reduce parasitic effects, in particular, the capacitance C 1 was realized by two Murata GQM1885C capacitors of 1.3 pF in parallel connection. Similarly, two Murata GRM1885C capacitors of 2.6 pF were connected in parallel to implement the capacitance C 2 . Note that to avoid the effects of unwanted coupling, a sufficiently large gap (g =2 mm) between parallel lines was realized and at the load position, a small extension of line width was used for mounting each lumped capacitor of package size 0603. Moreover, the DC block capacitance of 94 pF and the bias resistance of 1 M were used. The proposed differential coupler was simulated by the electromagnetic solvers, Sonnet and ADS. To increase the prediction accuracy, the Sonnet and ADS are responsible for, respectively, the characterization of distributed line structures and lumped elements, such as the surface-mount varactors, capacitors, and bias resistors. The geometrical dimensions are denoted in Fig. 8 (b) and the values are given in Table 1 .
Figs. 9 and 10 show measured and simulated mixedmode S-parameters of the fabricated balanced quadrature coupler. Specifically, the power-dividing ratios of -5.5 dB and 0.21 dB are given here. It is seen that the experimental and simulated results are in good agreement. The bias voltage is indicated for each tuning state. When the control voltage increases, the varactor capacitance decreases and thus, according to (18) , this will result in an increased power ratio, as obtained from the experimental results. Across the tuning range, the measured differential-mode return loss and port isolation are greater than 27.5 dB and 23.2 dB, respectively. Note that the above-mentioned insertion loss includes the connector loss and the insertion loss is mainly attributed to the conductor and varactor losses. On the other hand, the common-mode suppression (|S cc BA | or |S cc CA |) is greater than 35.2 dB at 1 GHz. Across the tuning range, the measured bandwidth is greater than 9.9% for the differential-mode return loss and port isolation of greater than 15 dB, and the phase imbalance of less than 3.9 • . The 20-dB commonmode suppression exhibits a wide bandwidth of greater than 47.3%. For the phase imbalance less than 3.9 • , the fabricated balanced coupler can experimentally realize a wide tuning VOLUME 7, 2019 range of 17.4 dB, i.e., 11.9-(-5.5), in a continuous fashion. In Table 2 , circuit performances of this balanced and tunable coupler is compared to the balanced couplers or power dividers that can demonstrate tunable power-dividing ratio [28] , [29] or that are designed with arbitrary power division [12] , [22] . In terms of the enhanced functionality, this proposed balanced coupler, the recently reported power divider [28] and coupler [29] enable tunable power-dividing ratio while the other two (or most balanced components in the literature) are designed with fixed applications. Compared to the tunable designs in [28] and [29] , this presented tunable coupler is able to maintain output phase relation within a small imbalance (< 3.9 • ) whereas the phase imbalance up to 10 • or 25 • from the ideal value, as reported in [28] or [29] , is typically impractical. For the bandwidth of power division within 0.5-dB imbalance, the proposed coupler format renders substantial bandwidth enhancement in comparison with the tunable power divider [28] and coupler [29] . Note that, although the given comparison in Table II is based on the results evaluated at equal power division (PDR=0), it can be shown that such bandwidth enhancement also applies to other power-dividing ratios when compared to the tunable coupler in [29] . Moreover, even though the proposed structure is an eight-port coupler, its footprint size is smaller than the balanced power divider (six ports) [12] and the balanced couplers (eight ports) [22] , [29] . As a proof-of-concept, the proposed coupler was fabricated in its unfolded form where the electrical length θ 1 of 67.5 • was chosen for bandwidth enhancement. If the available length is of primary concern, a smaller value of θ 1 can be used for each corresponding section.
IV. CONCLUSION
A microstrip balanced coupler with tunable power-dividing ratio is proposed, fabricated, and measured. By applying a single control voltage, the power-dividing ratio can be experimentally tuned from -5.5 dB to 11.9 dB with substantial reduction of phase imbalance and of frequency variation of a given power-dividing ratio, thus rendering considerable bandwidth extension, as compared to the state-of-the-art. The design equations and design principles are discussed in detail.
